Two improved methods are suggested to measure the speed of sound in a metal rod. One employs a fast timer to measure the time required for a compression pulse to travel along the rod from end to end. In the other, a microphone is used to measure the frequency of the fundamental mode of a freely suspending singing rod, and the speed is calculated using v = f λ.
from the image sensation, which persists for about 1/20 s. Under most circumstances, only an orderof-magnitude estimation of the speed can be made.
Another perpetual problem associated with this demonstration is that most students have only a vague perception about the phase change of the compression pulse at the far end and the breaking of the contact at the near end of the rod by the reflected rarefaction pulse. To illustrate the propagation of the disturbance in the rod, a concrete 'slow motion model' making use of a chain of spring-coupled trolleys, which is equally difficult to carry out, is often used to enhance understanding.
The second method can be found in some demonstration resource books, such as The Dick and Rae Demo Notebook (Carpenter and Minnix 1993) . A metal rod of length L is held at the midpoint and excited to vibrate along its length by rubbing it with the thumb and forefinger. The fundamental frequency is determined either by an attached Kundt's tube (figure 2) (e.g. Berry 1986 ), using f = v air /λ air = v rod /λ rod , or by beats sounding from the singing rod and a source of known frequency. The speed is calculated from v = f λ = 2f l. The difficulty associated with this method is that the stick-slip action of the fingers requires some practice and luck. Also, the related frequency measurements suggested in the literature, to the best of our knowledge, were tedious and inaccurate.
In this note, we introduce two simplified methods, modified from each of the methods mentioned, to measure the speed of sound in a solid rod. In the first method, a fast timer is used instead of a CRO to measure the time required for a compression pulse to travel in a metal rod from end to end. In the second method, the frequency of the fundamental is measured using a horned microphone connected to a CRO.
Specimen rods
Looking back at the history of scientific endeavours, the speed of sound in a solid was first measured directly by Biot in 1808 (Beyer 1999) . He used an iron water pipe about 1000 m long. A bell was sounded at one end and the time of arrival of sound at the other end through the rod and through air was measured. Since the speed of sound in air was known, by comparing the two times of arrival, the speed in the iron rod could be determined. Timers used in a school laboratory are now over 1000 times more accurate than those used in Biot's time, so we shall follow his general line of thought but use rods 1000 times shorter. Materials commonly available in rod form include aluminium, copper, brass and iron or steel. Only rods satisfying certain length and mass requirements can be considered. As the final selection criteria are more or less the same in the two methods, only those related to method 1 will be elaborated here. In order to keep the percentage error below a certain level, the rod must be long enough to ensure that the time of travel is much longer than the random error and end corrections, if any, in the timing circuit. It should be massive enough so that a longitudinal pulse can travel from end to end with little attenuation. Also, when one end of the rod is tapped, a large inertia is essential to prevent the rod as a whole from making a significant displacement during the timing period. A general criterion for selection is that when the rod is struck with a small hammer, a lingering humming sound can be heard for several seconds. Unlike the historical case, pipes are not recommended because hitting the edge may create unwanted transverse vibrations, but filling the bore at the ends may introduce a large damping, and skidding of the filling material may cause a time delay.
Method 1. Direct timing using a fast timer

Set-up
Normally, rods about 1 m long but below 5 kg can be held in a vertical position by hand or using a stand-and-ring. Timing is done using a fast timer with a 1-999 µs range and the timing circuit is connected as shown in figure 3 . If very long and heavy rods (which yield better results) are used, for safety reasons and to avoid damaging the microphone, each should be hung horizontally and pressed against a vertical wall (figure 4). The start-up circuit is simply a 1.5 V dry cell, a capacitor C and a resistor R connected in series.
The values of R and C can be fairly arbitrary. In our case, R = 10 and C = 10 µF. The positive end (A) of the resistor is connected to the start-gate of the timer and its negative end (B) is grounded. The positive end (B) of the capacitor is connected to the hammer and its negative end (C) is connected to the rod.
A microphone with an attached sucker is placed under the rod over a hard surface. Its terminals are connected to the stop-gate of the timer. Alternatively, an earphone with the plug replaced by a patch of silicone rubber can be used in the stopping circuit (figure 5).
How does it work?
When the upper end of the rod is tapped by a small hammer, the capacitor is short-circuited; a pulse is sent out from the resistor to start the timer. As the compression pulse reaches the far end of the rod, it is converted into a pressure pulse in air by a rubber sucker and transmitted to the diaphragm of the microphone. With a suitable tapping force, the microphone will generate an electric pulse large enough (say, V > 50 mV) to stop the timer.
End correction
As the sucker is also used as a shock absorber to protect the microphone, the impact time is prolonged. Moreover, the inductive reactance in the receiver circuit may also produce a lag in timing. To minimize the inductive damping, a crystal microphone is preferred over moving-coil instruments because the time delay of the latter could be of the same order of magnitude as the target result. Whatever the cause may be, the total end correction, say T , can be eliminated if timing is done using a pair of rods of different lengths for each sample material tested. In our experiment, all rods except the iron rod are about 2 cm in diameter and the lengths are 1.25 m and 0.25 m. The pair of iron rods used are 1.0 and 2.0 m long. Iron is exceptional because it is cheap and easily available. A length of 2 m is more or less the maximum length that can be handled safely in the laboratory and transported conveniently.
Let v be the speed of sound in the rod. If we denote the lengths of the long rod and the short rod by L 1 and L 2 , and the corresponding timer readings by T 1 and T 2 respectively, then
Eliminating T , we find
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Results obtained from four sample materials are summarized in table 1. Each entry represents an average of five trials.
Method 2. Measuring the frequency of the fundamental mode of vibration
Set-up and procedure
The experimental set-up for method 2 is shown in figure 6 . The sample rod, with a length ranging from 1.0 to 2.0 metres and 2 cm in diameter, is suspended at its midpoint by a thick ribbon. The rod is also supported loosely by two thin rubber bands, one near each end to keep it horizontal and prevent it from swinging about the pivot.
The rod is excited to vibrate by striking one end with a hammer. Once struck, a longitudinal standing wave generated by multiple reflection of the sound pulse is set up in the rod and a humming sound will stay 'in the air' for seconds. A moving-coil microphone connected to a CRO is held near the far end of the rod. A horn cut from a paper cup is used to feed more sound into the microphone. This arrangement enlarges the amplitude and prolongs the duration of the CRO trace.
Result
Because of our crude method of excitation, the sound produced by the singing rod is rich in harmonics, and so is the trace initially displayed on the CRO screen. However, since the rod is supported at its midpoint, overtones with an antinode at the midpoint, like f 2 , f 4 , etc (figure 7), will damp out more rapidly. Moreover, the inductance in the moving-coil microphone will filter out higher frequency harmonics. So the overall effect is that most overtones appearing in the trace will subside before the humming sound dies away completely. The CRO trace in the final stage is primarily that produced by the fundamental mode. The period of the fundamental can be measured easily because its zero-crossings stay in the same position on the screen for several seconds irrespective of the presence of other harmonics. The results obtained for rods of four different materials are summarized in table 2.
The percentage error depends on the amplitude and the duration of the trace. A very large error is obtained for aluminium because its density is much lower than that of other materials and the humming sound dies out in a much shorter time. In contrast, the best result is obtained in brass because the material is more elastic and the corresponding rod sings for a much longer time. 
Final result and conclusion
An overall summary of our results obtained from four different materials using the above two methods together with data from a handbook for physicists are given in table 3. In method 1, an error of about 10% is obtained for all samples. This error enters our results because a much shorter rod, which satisfies our selection criterion only marginally, is used to eliminate the end correction. In method 2, with the exception of aluminium, the percentage error of speed measurement is about 5%. This error corresponds to a ±0.2 mm uncertainty in determining the period of the fundamental using the CRO trace.
Besides the basic experimental skills in handling timing devices and error treatment, students also benefit from the above methods in a number of ways. First, instead of following a recipe, pupils are encouraged to make small changes to improve the set-up or procedure when doing experiments in a way similar to what we have done here. For example, a sucker can be used to transmit the compression pulse from a solid rod to the microphone; and a paper cup can be used to collect and amplify the sound signal. Second, these investigations enable pupils to see the connection between different physical quantities, such as the speed of sound and the Young modulus, which appear to be independent of one where B is the bulk modulus of the material. This value may be a few per cent different from the linear speed in a rod.
another. Third, these experiments suggest that some physical constants, like the Young modulus, can be measured using an indirect method. Fourth, pupils will recognize, through concrete experiences, that the mechanical properties of certain materials such as brass render them more suitable for making (wind and percussion) musical instruments. Also, they will discover in depth that there are some subtle differences in the response characteristics of various types of microphones and will appreciate why different instruments have to be used in different situations.
Note added in proof. It was discovered by Mr Lee Chung Kay of the Physics Department (CUHK) that a ceramic piezoelectric buzzer plate could be used to collect the sound pulse in method 1. To do this, the specimen rod is hung or placed horizontally on two pegs. The buzzer plate is attached to the far end of the rod by double-sided adhesive tape and its leads are connected directly to the stop-gate of the faster timer. When the buzzer plate is used, the end correction T in equation (2) is reduced from about 35 µs to less than 10 µs.
